Abstract-This paper focuses on the energy coverage in wireless powered sub-6 GHz and millimeter wave (mmWave) dense cellular networks, where mobile devices harvest RF energy from sub-6 GHz or mmWave base stations (BSs). The expressions for energy coverage probability in sub-6 GHz and mmWave tiers are respectively derived. The comparisons between sub-6 GHz and mmWave RF energy harvesting are analyzed. In particular, we provide the sufficient conditions for the case that wireless energy harvesting in mmWave tier is better than that in sub-6 GHz tier. Furthermore, in hybrid cellular networks with mode selection mechanism, the probability that a mobile device selects a sub-6 GHz BS or mmWave BS for wireless power transfer is also theoretically obtained.
I. INTRODUCTION
5G technologies such as massive multiple-input multipleoutput (MIMO) and millimeter wave (mmWave) make future cellular networks more suitable for wireless energy harvesting [1] . The very sharp signal beams in large-scale antenna systems are of great importance to wireless power transfer (WPT). In [2] , the optimal power transfer beamforming was asymptotically derived by considering large number of antennas in a single massive MIMO cell, and the optimal solution for maximizing the throughput under the user fairness criterion was also asymptotically obtained. The work of [3] studied the effects of using large antenna arrays and dense small cells on WPT in the sub-6 GHz cellular networks, which showed that both technologies can substantially increase the amount of harvested energy. Recently, WPT in dense mmWave cellular networks with narrow beams has received much attention. Particularly, [4] first studied wireless powered mmWave cellular networks, where uniform linear array (ULA) with analog beamforming was implemented for wireless power transfer. In [5] , downlink simultaneous wireless information and power transfer (SWIFT) was investigated in mmWave systems. The work of [6] further studied mmWave SWIFT in a more general way by considering both time switching and power splitting protocols. However, there are few results available for presenting WPT in the cellular networks encompassing sub-6 GHz cells and mmWave cells.
Motivated by the aforementioned, in this paper, we study wireless powered sub-6 GHz and mmWave dense cellular networks, in which sub-6 GHz or mmWave BSs can be selected to power mobile devices. A stochastic geometry approach is employed to characterize the BS density. We first derive the expressions for the energy coverage probability in sub-6 GHz and mmWave tiers. Based on the derived results, we provide conditions for the case that the amount of harvested energy in mmWave tier is larger than that in sub-6 GHz tier. In addition, we derive the connectivity probability that a mobile device selects a sub-6 GHz BS, line-of-sight (LoS) mmWave BS or a non-line-of-sight (NLoS) mmWave BS for power transfer. Simulation results have confirmed our analysis. The results show that the amount of harvested energy is dominated by directed power transfer, compared to the ambient RF energy harvesting. The amount harvested energy from ambient mmWave RF can still be larger than the sub-6 GHz counterpart in mmWave ultra-dense networks.
The notation of this paper is: † denotes the conjugate transpose operator, CN (0, Λ) denotes the complex Gaussian distribution with zero mean and covariance matrix Λ, · denotes the Euclidean norm, E [·] denotes the expectation operator, 0 M ×N denotes the M × N zero matrix, I M denotes the M × M identity matrix.
II. SYSTEM DESCRIPTIONS

A. Network Model
We consider a hybrid cellular network consisting of the sub-6 GHz small cells and mmWave small cells. Each sub-6 GHz BS is equipped with N sub-6 GHz antennas, and each mmWave BS is equipped with mmWave antenna array. The sub-6 GHz BSs are randomly located following a a homogeneous Poisson point process (HPPP) Φ μ (λ μ ) with the density λ μ , and the mmWave BSs are randomly located following an independent HPPP Φ mm (λ mm ) with the density λ mm . Particularly when devices requires the directed power transfer from a dedicated BS, a sub-6 GHz mobile device (μMD) will be connected with the sub-6 GHz BS that provides the largest received sub-6 GHz signal power, and accordingly, a mmWave mobile device (mmMD) will be connected with the mmWave BS that provides the largest received mmWave signal power. We assume that each μMD is equipped with a single sub-6 GHz antenna, and each mmMD is equipped with small mmWave antenna array, since the shorter mmWave wavelengths enable devices to pack more antennas for a given antenna aperture.
B. Energy Harvesting in Sub-6 GHz Tier
In sub-6 GHz tier, all the channels are assumed to undergo independent and identically distributed (i.i.d.) quasi-static Rayleigh block fading. Each sub-6 GHz BS uses maximumratio transmission (MRT) beamforming to transfer the energy for recharging its μMD. Hence, for a typical μMD o connected with its serving sub-6 GHz BS, its instantaneous harvested power is written as
where Λ μ1 is the directed transferred power, and Λ μ2 is the total power from the ambient sub-6 GHz RF, η μ is the sub-6 GHz RF-to-DC conversion efficiency, P μ is the transmit power of sub- 
and |X k,μ | are the small-scale fading channel vector and distance between the typical μMD and the sub-6 GHz BS k (except the serving sub-6 GHz BS), respectively.
C. Energy Harvesting in MmWave Tier
In mmWave tier, the effect of small-scale fading can be negligible [7] . In addition, a sectored model is applied to analyze the beam pattern [8] , i.e., the effective antenna gain for a mmWave BS ( ∈ Φ mm \ {o}) seen by the typical mmMD o is expressed as
where M B , m B , and θ B are the main lobe gain, side lobe gain, and half power beamwidth of the mmWave BS antenna, and M D , m D , and θ D are the main lobe gain, side lobe gain, and half power beamwidth of the mmMD antenna. In light of the blockage effects in the outdoor scenario, a mmMD is associated with either a LoS mmWave BS or a NLoS mmWave BS. We denote f Pr (R) as the probability that a link at a distance R is LoS, while the NLoS probability of a link is 1 − f Pr (R). We consider two different path loss laws: For a typical mmMD o connected with its serving mmWave BS, its instantaneous harvested power is written as
where Λ mm1 is the directed transferred power, and Λ mm2 is the total power from the ambient mmWave RF, η mm is the mmWave RF-to-DC conversion efficiency, P mm is the mmWave BS transmit power, |Y o | is the distance between the typical mmMD and its serving mmWave BS, and |Y ,mm | is the distance between the typical mmMD and the mmWave BS ∈ Φ mm \ {o} (except the serving mmWave BS).
III. ENERGY HARVESTING EVALUATION
We evaluate the wireless energy harvesting in the sub-6 GHz and mmWave cellular networks. To comprehensively understand it, we respectively examine the directed transferred power and the ambient RF harvested power that a mobile device can obtain.
A. Directed Transferred Power 1) Sub-6 GHz Tier:
In sub-6 GHz tier, given a power threshold P th , the coverage probability that the directed transferred power is larger than P th can be derived as
where f |Xo| (r) is the probability density function (PDF) of the distance between a mobile device and its nearest BS, which is given by
Considering that h o 2 ∼ Γ (N, 1), we can further derive (5) as
Substituting (6) into (7), we obtain (4). Based on (4), there is one sufficient condition for Ψ μ D (P th ) > ε (0 < ε < 1) given a specific P th , which is shown as follows.
Corollary 1. The probability of the achievable directed transferred power P th can be larger than ε, if the sub-6 GHz BS density satisfies
with large N .
Let Ψ μ D (P th ) > ε, after some manipulations, we get (8). It is indicated from Corollary 1 that the number of sub-6 GHz BSs needs to be large enough for WPT.
2) MmWave Tier: In mmWave tier, the coverage probability that the directed transferred power is larger than a threshold P th can be derived as
where 
where ς (x 1 , x 2 ) = ηmmPmmMBMD P th
, Υ LoS represents the probability that the typical user is connected to a LoS BS and Υ NLoS = 1 − Υ LoS represents the probability that the typical user is connected to a NLoS BS, f LoS R (x) is the conditioned PDF of the distance between the typical mmMD and its serving LoS BS, and f NLoS R (x) is the conditioned PDF of the distance between the typical mmMD and its serving NLoS BS, which are given by [10] 
and
respectively. According to Corollary 1 and (10), we have the following important insight.
Corollary 2. Given a threshold P th , the coverage probability of the directed power transfer in the mmWave cell is larger than that in the sub-6 GHz cell under the following condition: [10, 11] .
Proof: Based on the LoS mmWave model in [10, 11] , the probability that the directed transferred power is larger than a threshold P th under LoS mmWave power transfer is calculated as
where ¶ (·) is the indicator function that returns one if the condition is satisfied and zero otherwise, ξ = min {R LoS , ς (β mm LoS , α mm LoS )}, step (a) is obtained by considering the fact that devices try to be connected to the nearest BSs such that LoS may exist. Substituting (16) into (14) , we obtain (15) and complete the proof.
It is indicated from Corollary 2 that mmWave WPT can be better than sub-6 GHz WPT when the number of sub-6 GHz BSs is not sufficiently deployed, compared to the number of mmWave BSs.
B. Ambient RF Harvested Power
In order to avoid singularity at zero distance and ensure the finite moments of the sum of the ambient RF signals, we incorporate the distance constraint into the path loss function, which isL (|X|) = β(max (r o , |X|)) −α with a reference distance r o ≥ 1 [12, 13] . It should be noted that the reference distance can also represent the minimum distance between a BS and the typical UE in the practical scenario, and has no effect on the evaluation of the energy coverage probability, since the harvested energy is usually larger than the predefined threshold when |X| ≤ r o .
1) Sub-6 GHz Tier:
In sub-6 GHz tier, let Ψ mm A (P th ) denote the probability that the ambient RF harvested power is larger than a threshold P th , Ψ μ A (P th ) is upper bounded as
where E [Ξ] and var [Ξ] are respectively given by (18) and (19) at the top of next page. 
where f |Xo| (r) is given by (6) . Based on [9, Proposition 1], we
Changing the order of integration in (21), we obtain (18). The variance of Ξ is derived as
where step (c) is obtained by using the modified Campbell's
= 2, we can finally obtain (19) and complete the proof.
2) MmWave Tier:
In mmWave tier, let Ψ mm A (P th ) denote the probability that the ambient RF harvested power is larger than a threshold P th , given ε, Ψ mm A (P th ) > ε holds when the mmWave BS density meets
where ϑ mm is a constant value defined by
Proof: Based on (3), the probability that the ambient RF harvested power Λ mm2 is larger than a threshold P th can be obtained as
Since the ambient RF energy from the NLoS BSs is negligible, Ψ mm A (P th ) can be lower-bounded as
where step (d) is obtained by Mapping theorem [14] . Given ε, we define the constant ϑ μ as (24). Then, we can directly obtain Ψ 
C. Power Transfer Mode Selection
In the above, we have illustrated the wireless energy harvesting in sub-6 GHz and mmWave tiers. In this subsection, we consider mode selection for WPT in hybrid cellular networks, i.e., mobile devices have the ability of selecting sub-6 GHz or mmWave tier for maximizing the directed transferred power, since the amount of harvested energy from ambient RF is much smaller compared to that from directed power transfer [1, 4, 5] . Thus, we have the following Propositions: Proposition 1. The probability that a mobile device selects the sub-6 GHz WPT is given by Proof: We note that in the mmWave cell, the smallscale fading is negligible, and the directed transferred power is dominated by the mmWave pathloss. In the sub-6 GHz cell, the small-scale fading is averaged out when the BS antennas are large, i.e., h o 2 ≈ N . Therefore, the probability that a mobile device selects the sub-6 GHz WPT can be expressed as
where step (e) is obtained by considering two independent LoS BS process Φ (30) into (28), we obtain (27). Proof: We first define τ L as the probability that there exist LoS mmWave BSs. Similar to (28), the probability that a mobile device selects a LoS mmWave BS for the mmWave energy harvesting is calculated as
Proposition 2. The probability that a mobile device selects a LoS mmWave BS for the mmWave WPT is given by
where
LoS is the directed transferred power from the nearest LoS mmWave BS, and the PDF of |Y o | is given by [10] 
Similar to (29), Θ μ (r) is derived as
where A μ (r) = π 
IV. SIMULATION RESULTS
In this section, we present numerical results to show the energy coverage in sub-6 GHz and mmWave tiers. We assume that the LoS probability function is f Pr (R) = e − R with 1/ = 141.4 m [10] . The basic simulation parameters are shown in Table I . Fig 1. shows the directed transferred energy coverage probability in sub-6 GHz and mmWave tiers. The analytical results are obtained from (9) and (10) can well predict the energy coverage of the sub-6 GHz tier. MmWave power transfer can be better than the sub-6 GHz, due to the mmWave directivity gain and densification gain. Ambient mmWave RF energy coverage probability Sub-6 GHz, Monte Carlo Simulations Sub-6 GHz, Upper bound mmWave, Monte Carlo Simulations Fig. 2 . Ambient RF energy coverage probability with αμ = 2.6, λμ = 0.002 and λmm = 0.5. Fig. 2 shows the ambient RF energy coverage probability in sub-6 GHz and mmWave tiers. We see that for ultra-dense mmWave tier, the ambient mmWave RF energy can still be larger than that in sub-6 GHz tier with comparably lower BS density. Compared to Fig. 1 , it is indicated that the amount of harvested energy from ambient RF is much lower than directed power transfer. WPT association probability Sub-6 GHz, N=32 Sub-6 GHz, N=16 mmWave LoS, N=32 mmWave LoS, N=16 mmWave NLoS, N=32 mmWave NLoS, N=16 Fig. 3 . Power transfer connectivity probability with αμ = 2.7 and λmm = 0.01. Fig. 3 shows the power transfer connectivity probability when a MD can select sub-6 GHz or mmWave tier for power transfer in hybrid cellular networks. The results are obtained based on Proposition 1 and Proposition 2. We observe that the sub-6 GHz power transfer connectivity probability increases with the sub-6 GHz BS density for obtaining more densification gains, and it will also be improved by adding sub-6 GHz antennas for achieving more antenna gains. More devices will select mmWave BSs to transfer energy when the sub-6 GHz BS density is much smaller than the mmWave BS density, which implies that dense cells are needed to shorten the energy transfer distance between the MD and its associated BS. Compared to the mmWave LoS, the probability that a MD selects a mmWave NLoS power transfer is negligible.
V. CONCLUSIONS
In this paper, wireless power transfer was studied in the sub-6 GHz and mmWave dense cellular networks. The expressions for the energy coverage probability in such networks were derived. Comparisons between the sub-6 GHz and mmWave energy harvesting were provided. In addition, the probability that a mobile device selects the sub-6 GHz or mmWave power transfer was quantified.
